Objective: Ischemia-reperfusion (I/R) injury, often encountered clinically, results in myocardial apoptosis and necrosis. Hydrogen sulfide (H 2 S) is produced endogenously in response to ischemia and thought to be cardioprotective, although its mechanism of action is not fully known. This study investigates cardioprotection provided by exogenous H 2 S, generated as sodium sulfide on apoptosis following myocardial I/R injury. Methods: The mid-LAD coronary artery in Yorkshire swine (n = 12) was occluded for 60 min, followed by reperfusion for 120 min. Controls (n = 6) received placebo, and treatment animals (n = 6) received sulfide 10 min prior to and throughout reperfusion. Hemodynamic, global, and regional functional measurements were obtained. Evans blue/TTC staining identified the area-at-risk (AAR) and infarction. Serum CK-MB, troponin I, and FABP were assayed. Tissue expression of bcl-2, bad, apoptosis-inducing-factor (AIF), total and cleaved caspase-3, and total and cleaved PARP were assessed. PAR and TUNEL staining were performed to assess apoptotic cell counts and poly-ADP ribosylation, respectively. Results: Pre-I/R hemodynamics were similar between groups. Post-I/R, mean arterial pressure (mmHg) was reduced by 30.2 AE 4.3 in controls vs 8.2 AE 6.9 in treatment animals ( p = 0.01). +LV dP/dt (mmHg/s) was reduced by 1308 AE 435 in controls vs 403 AE 283 in treatment animals ( p = 0.001). Infarct size (% of AAR) in controls was 47.4 AE 6.2% vs 20.1 AE 3.3% in the treated group ( p = 0.003). In treated animals, CK-MB and FABP were lower by 47.0% ( p = 0.10) and 45.1% ( p = 0.01), respectively. AIF, caspase-3, and PARP expression was similar between groups, whereas cleaved caspase-3 and cleaved PARP was lower in treated animals ( p = 0.04). PAR staining was significantly reduced in sulfide treated groups ( p = 0.04). TUNEL staining demonstrated significantly fewer apoptotic cells in sulfide treated animals ( p = 0.02). Conclusions: Sodium sulfide is efficacious in reducing apoptosis in response to I/R injury. Along with its known effects on reducing necrosis, sulfide's effects on apoptosis may partially contribute to providing myocardial protection. Exogenous sulfide may have therapeutic utility in clinical settings in which I/R injury is encountered. #
Introduction
Coronary artery disease remains the leading cause of mortality in the industrialized world. Despite lifestyle modification and advances in pharmacotherapy, chronic and acute myocardial ischemia require intervention to salvage viable myocardium at risk. Presently, three approaches are generally employed; thrombolysis, percutaneous transluminal coronary angioplasty (with and without coronary stenting) (PTCA), and coronary artery bypass grafting (CABG). While essential for re-establishment of perfusion, these modalities can induce iatrogenic injury, commonly referred to as ischemia-reperfusion (I/R) injury. In addition to causing myocardial necrosis, I/R injury can result in additional damage to the heart independent of the ischemic insult manifesting as cardiomyocyte death through the process of apoptosis [1] . While reducing the number of viable cardiomyocytes, apoptosis is also thought to contribute to myocardial stunning [2] , and in the cardiac surgical setting, apoptotic markers have been correlated to shortand long-term mortality [3] .
Investigation into the pathogenesis of myocardial I/R injury has identified an endogenous inflammatory response and the release of damaging free radicals and oxidants associated with this response to be key in inducing myocardial damage [4, 5] . Recently, research into the gaseous signaling molecule hydrogen sulfide (H 2 S) has demonstrated it may in fact serve as an endogenous mediator to limit inflammation and free radical damage [6] . Specifically, H 2 S has been shown to limit neutrophil adhesion and activation in response to inflammatory stimuli, as well as suppress the release of the pro-inflammatory mediator tumor necrosis factor-alpha (TNF-a) [7, 8] . In addition to its effects on neutrophils, H 2 S, which is a strong reducing agent, is able to react with multiple oxidant stressors including superoxide radical anion [9] , hydrogen peroxide [10] , peroxynitrite [6] , and hypochlorite [7] . H 2 S, which is synthesized endogenously from L-cysteine via cystathionine-g-lyase (CSE) in the heart and vasculature, has also become the subject of recent investigation in the context of myocardial protection. These studies, which have all utilized rodent models of myocardial injury, have demonstrated sulfide is able to limit myocardial infarction size and oxidative stress in response to I/R injury [10] [11] [12] . Given the ability of H 2 S to mitigate the production of stimuli known to induce apoptosis, free radical stressors [13] and inflammatory cytokines such as TNF a [14] , we hypothesized administration of exogenous therapeutic H 2 S prior to the onset of reperfusion after acute myocardial ischemia would reduce the apoptotic response to I/R injury. Utilizing a preclinical large animal model, this study investigates the effects of H 2 S on apoptotic signaling in response to acute myocardial ischemia followed by reperfusion.
Materials and methods

Animals
Animals were housed individually and provided with laboratory chow and water ad libitum. All experiments were approved by the Beth Israel Deaconess Medical Center animal care and use committee and the Harvard Medical Area standing committee on animals and conformed to the US National Institutes of Health guidelines regulating the care and use of laboratory animals (NIH publication 5377-3, 1996).
Experimental design
Yorkshire pigs of either sex (35-40 kg) were divided randomly into control (n = 6) and sulfide treatment (n = 6) groups. Animals were subjected to regional left ventricular (LV) ischemia by left anterior descending (LAD) arterial occlusion distal to the second diagonal branch for 60 min. The treatment group received sodium sulfide (100 mg/kg bolus + 1 mg/kg/h infusion) 10 min prior to the onset of reperfusion, whereas the control group received a placebo carrier solution of equal volume. Sodium sulfide was produced and formulated to pH neutrality and iso-osmolarity by Ikaria Inc. (Seattle, WA) using H 2 S gas (Mattheson, Newark, CA) as the starting material. The myocardium was reperfused for 120 min following ischemia. Arterial blood gas (ABG), arterial blood pressure, hematocrit (Hct), LV pressure, heart rate (HR), EKG, O 2 saturation, core temperature, and intravenous fluid requirements were measured and recorded. Myocardial segmental shortening in the long-axis (parallel to the LAD) and short-axis (perpendicular to the LAD) were recorded at baseline prior to the onset of ischemia, and prior to harvest after 120 min of reperfusion. At the completion of the protocol, the heart was excised, and tissue samples from the ischemic-reperfused, distal LAD territory were collected for molecular analyses as described below.
Surgical protocol
Swine were sedated with ketamine hydrochloride (20 mg/ kg, intramuscularly, Abbott Laboratories, North Chicago, IL), and anesthetized with a bolus infusion of thiopental sodium (Baxter Healthcare Corporation, Inc., Deerfield, IL; 5.0-7.0 mg/kg intravenously), followed by endotracheal intubation. Ventilation was begun with a volume-cycled ventilator (model Narkomed II-A; North American Drager, Telford, PA; oxygen, 40%; tidal volume, 600 cc; ventilation rate, 12 breaths/min; positive end-expiratory pressure, 3 cm H 2 O; inspiratory to expiratory time, 1:2). General endotracheal anesthesia was established with 3.0% sevoflurane (Ultane; Abbott Laboratories) at the beginning of the surgical preparation, and then maintained with 1.0% throughout the experiment. One liter of Lactated Ringer's intravenous (IV) fluid was administered after induction of anesthesia and continued thereafter throughout the surgical protocol at 150 cc/h. A right groin dissection was performed and the femoral vein and common femoral artery were isolated and cannulated utilizing 8 F sheaths (Cordis Corporation, Miami, FL). The femoral vein was cannulated for intravenous access, drug/placebo delivery, and the right common femoral artery was cannulated for arterial blood sampling and continuous intra-arterial blood pressure monitoring (Millar Instruments, Houston, TX). A median sternotomy was performed exposing the pericardial sac, which was then opened to form a pericardial cradle. A catheter-tipped manometer (Millar Instruments, Houston, TX) was introduced through the apex of the left ventricle to record LV pressure. Segmental shortening in the area-at-risk was assessed utilizing a sonometric digital ultrasonic crystal measurement system (Sonometrics Corp., London, ON, Canada) using four 2 mm digital ultrasonic probes implanted in the subepicardial layer approximately 10 mm apart within the ischemic LV area. Cardiosoft software (Sonometrics Corp., London, ON, Canada) was used for data recording (LV dP/dt, segmental shortening, arterial blood pressure, heart rate) and subsequent data analysis to determine myocardial function. Baseline hemodynamic, functional measurement (global: + LV dP/dt, regional: segmental shortening), arterial blood gas analysis, and hematocrit were obtained. ABG analysis was continued every 15 min throughout the protocol and hematocrit was measured every 20 min. All animals received 75 mg of lidocaine and 20 mEq of potassium chloride as prophylaxis against ventricular dysrhythmia, as well as 60 units/kg of intravenous heparin bolus prior to occlusion of the LAD. The LAD coronary artery was occluded 3 mm distal to the origin of the second diagonal branch utilizing a Rommel tourniquet. Myocardial ischemia was confirmed visually by regional cyanosis of the myocardial surface. Fifty minutes after the initiation of regional ischemia (10 min prior to the onset of reperfusion), control pigs received a placebo carrier solution infusion intravenously, and treatment animals received exogenous sulfide, generated as sodium sulfide (NaH 2 S), (100 mg/kg bolus + 1 mg/kg/h infusion) until the end of the experimental protocol. The Rommel tourniquet was released 60 min after the onset of acute ischemia and the myocardium was reperfused for 120 min. At the end of the reperfusion period, hemodynamic and functional measurements were recorded as described above, followed by religation of the LAD and injection of monastral blue pigment (Engelhard Corp., Louisville, KY) at a 1:150 dilution in PBS into the aortic root after placement of an aortic cross-clamp distal to the coronary arterial ostia to demarcate the area-at-risk. The heart was rapidly excised and the entire left ventricle, including the septum, was dissected free. The LV was cut into 1 cm thick slices perpendicular to the axis of the LAD. The area-at-risk was clearly identified by lack of blue pigment staining. Tissue from the area-at-risk of the slice 1 cm proximal to the LV apex was isolated and divided for use in molecular and microvascular studies. The remaining slices were weighed utilized for infarct size calculation as described below. Ventricular dysrhythmia (ventricular fibrillation or pulseless ventricular tachycardia) events were recorded and treated with immediate electrical cardioversion (50 J, internal paddles).
Measurement of global and regional myocardial function
Global myocardial function was assessed by calculating the maximum positive first derivative of LV pressure over time (+dP/dt). Regional myocardial function was determined by using subepicardial 2 mm ultrasonic probes to calculate the percentage segment shortening (%SS), which was normalized to the baseline. Measurements were taken at baseline prior to the onset of ischemia and at the end of reperfusion. The ventilator was stopped during data acquisition to eliminate the effects of respiration. Measurements were made during at least three cardiac cycles in normal sinus rhythm and then averaged. Digital data were inspected for the correct identification of end-diastole and end-systole. End-diastolic segment length (EDL) was measured at the onset of the positive dP/dt, and the end-systolic segment length (ESL) at the peak negative dP/dt.
Quantification of myocardial infarct size
The left ventricle was isolated and cut into 1 cm slices perpendicular to the axis of the LAD. Briefly, slices were immediately immersed in 1% triphenyl tetrazolium chloride (TTC, Sigma Chemical Co., St Louis, MO) in phosphate buffer (pH 7.4) at 38 8C for 30 min. The infarct area (characterized by absence of staining), the non-infarcted area-at-risk (characterized by red tissue staining), and the non-ischemic portion of the LV (characterized by purple tissue staining) were sharply dissected from one another and weighed. The percentage area-at-risk was defined as: (infarct mass + noninfarct area-at-risk mass)/total LV mass Â 100. Infarct size was calculated as a percentage of area-at-risk to normalize for any variation in AAR size using the following equation: (infarct mass/total mass AAR) Â 100.
Western blotting
Whole-cell lysates were isolated from the homogenized myocardial samples with a RIPA buffer (Boston Bioproducts, Worcester, MA) and centrifuged at 12,000 Â g for 10 min at 4 8C to separate soluble from insoluble fractions. Protein concentration was measured spectrophotometrically at a 595-nm wavelength with a DC protein assay kit (BioRAD, Hercules, CA). Forty to eighty milligrams of total protein were fractionated by 4-20% gradient, SDS polyacrylamide gel electrophoresis (Invitrogen, San Diego, CA) and transferred to PVDF membranes (Millipore, Bedford, MA). Each membrane was incubated with specific antibodies (Cell Signaling Technology, Beverly, MA) as follows: anti-apoptosis inducing factor (AIF) (1:1000 dilution), anti-Bcl-2 (1:1000 dilution), anti-Bad (1:1000 dilution), anti-phospho Bad (Serine 136) (1:500 dilution), anti-phospho Bad (Serine 112) (1:2000 dilution), anti-caspase-3 (1:1000 dilution), anti-cleaved caspase-3 (1:1000 dilution), anti-poly (ADP) ribose polymerase (PARP) (1:1000 dilution), anti-cleaved PARP (1:1000 dilution). The membranes were subsequently incubated for 1 h in diluted appropriate secondary antibody (Jackson Immunolab, West Grove, PA). Immune complexes were visualized with the enhanced chemiluminescence detection system (Amersham, Piscataway, NJ). Bands were quantified by densitometry of radioautograph films. Ponceau S staining was performed to confirm equivalent protein loading.
Serum creatine kinase-MB, troponin I, and fatty acid binding protein quantification
Serum collected prior to sacrifice was utilized for quantification of creatine kinase-MB (CK-MB), troponin I, and fatty acid binding protein (FABP) utilizing a protein microarray (Allied Biotech Inc., Ijamsville, MD) in triplicate as described previously [15] . Serum levels of markers were calculated based on standards provided by the manufacturer.
Immunohistochemical staining
Myocardial tissue from the ischemic territory was placed in 10% buffered formalin for 24 h, followed by paraffin mounting and sectioning into 4 mm slices.
Poly (ADP) ribosylation staining
For the immunohistochemical detection of poly (ADPribose) polymerase activity, mouse monoclonal anti-poly (ADP-ribose) (PAR) antibody (Calbiochem, San Diego, CA) (1:1000, overnight, 4 8C) was used. Secondary labeling was achieved by using biotinylated horse anti-mouse antibody (Vector Laboratories, Burlingame, CA) (30 min room temperature). Horseradish peroxidase-conjugated avidin (30 min, room temperature) and brown colored diaminobenzidine (6 min, room temperature) was used to visualize the labeling (Vector Laboratories, Burlingame, CA). The sections were counterstained with hematoxylin (blue color). The intensity of specific staining of individual sections was determined by a blinded experimenter. The semiquantitative PAR-positivity score is the following: 1: no specific staining, 2: light cytoplasmic staining 
TUNEL staining
The apoptotic cells were identified by dUTP nick-end labeling (TUNEL) using an apoptosis detection kit according to the manufacturer's protocol (Chemicon Inc., Temecula, CA). Five photographs (magnification 20Â) of each tissue section were taken. The nuclei were viewed and manually counted by an observer blinded to the experimental conditions. The number of TUNEL-positive cardiomyocytes, indicating apoptosis, was expressed in mean number per/ 100 cells/microscopic field.
Data analysis
Data are reported as mean AE SD. Immunoblots are expressed as a ratio of protein to loading band density and were analyzed after digitization and quantification of X-ray films with ImageJ 1.33 (National Institutes of Health, USA). Blots were analyzed using an unpaired t-test. Bonferroni corrections were applied to multiple tests and probability values of less than 0.05 were considered statistically significant.
Results
Arterial blood gas, hematocrit, and core temperature
No significant differences were observed between arterial pH, pCO 2 , pO 2 , Hct, or core temperature at baseline, or at the end of reperfusion.
Hemodynamic parameters
Heart rate (HR) and mean arterial blood pressure (MAP) were similar between groups at baseline (HR placebo 74.0 AE 7.2 vs sulfide 68.2 AE 20.4 beats/min, p = 0.53), MAP placebo 62.5 AE 7.2 vs sulfide 56.4 AE 9.6 mmHg, p = 0.24) (Fig. 1) . The HR remained similar between groups at the end of reperfusion (placebo 82.0 AE 9.0 vs sulfide 78.00 AE 10.0 beats/min, p = 0.49), but MAP was significantly lower in the placebo treated group (placebo 32.3 AE 7.7 vs sulfide 49.6 AE 11.6 mmHg, p = 0.01) (Fig. 1). 
Global and regional myocardial function
Global systolic LV function as determined from LV + dP/dt was similar between groups prior to the onset of ischemia (placebo 2436 AE 1051 mmHg/s vs sulfide 2430 AE 525 mmHg/s, p = 0.99). At the end of the reperfusion period, LV dP/dt was significantly lowered in the placebo group (relative to pre-I/R LV dP/dt) compared to the sulfide treated group (placebo 1128 AE 178 mmHg/s vs sulfide 2026 AE 452 mmHg/s, p = 0.001). This reflected a 53.7% reduction in LV dP/dt in the placebo group and a 16.8% reduction in LV dP/dt in the sulfide group after I/R injury (Fig. 2) . Regional myocardial function in the area-at-risk was similar between groups in both longitudinal (placebo 14.3 AE 6.8 vs sulfide 14.4 AE 3.1% segmental shortening (SS), p = 0.97) and horizontal axes (placebo 17.6 AE 5.4 vs sulfide 16.8 AE 4.8%SS, p = 0.78) prior to the onset of ischemia. At the end of reperfusion, segmental shortening in the longitudinal axis was impaired significantly in both groups, Fig. 1. (A) Heart rate remained similar between both placebo and sulfide treated groups pre-and post-ischemia-reperfusion. (B) Mean arterial pressure was similar prior to ischemia-reperfusion in both groups, but was significantly lower in the placebo treated group after reperfusion. P = placebo, S = sulfide, Pre = pre-ischemia-reperfusion, Post = post-ischemia-reperfusion. Fig. 2 . Left ventricular systolic function, as determined by +LV dP/dt was significantly lower in placebo treated animals after reperfusion. P = placebo, S = sulfide, Pre = pre-ischemia-reperfusion, Post = post-ischemia-reperfusion. Fig. 3 . Segmental shortening in both longitudinal (L) and horizontal (H) axes was similar between groups prior to ischemia. Both groups demonstrated significant impairments in both longitudinal and horizontal segmental shortening after ischemia-reperfusion, without significant differences between groups. P = placebo, S = sulfide, Pre = pre-ischemia-reperfusion, Post = postischemia-reperfusion. without a significant difference between groups (placebo 4.8 AE 1.8 vs sulfide 7.8 AE 3.7% SS, p = 0.11) (Fig. 3) . Horizontal segmental shortening was also significantly impaired in both groups at the end of reperfusion and no significant differences were seen between groups post-I/R (placebo 7.5 AE 3.0 vs sulfide 9.3 AE 3.0% SS, p = 0.35) (Fig. 3) .
Incidence of VF/VT
The incidence of ventricular fibrillation or pulseless ventricular tachycardia was similar between groups during the period of ischemia (placebo 0.33 AE 0.2 vs sulfide 0.50 AE 0.22 episodes/animal, p = 0.60), and during the period of reperfusion (placebo 1.50 AE 0.50 vs sulfide 0.83 AE 0.31 episodes/animal, p = 0.28). All dysrhythmias were successfully terminated with electrical cardioversion.
Myocardial infarct size
The ischemic area-at-risk, as a percentage of total LV mass was similar between groups (placebo 31.1 AE 5.1 vs sulfide 33.5 AE 4.2% of LV mass, p = 0.48). Myocardial infarct size was significantly reduced by 2.36-fold in sulfide treated groups relative to placebo (placebo 47.4 AE 15.2 vs sulfide 20.1 AE 7.9% of area-at-risk, p = 0.003) (Fig. 4) .
Serum markers of myocardial injury
Serum levels of CK-MB trended towards reduction in the sulfide treated group relative to placebo, but did not reach statistical significance (placebo 4181 AE 2546 pg/mL vs sulfide 1965 AE 1643 pg/mL, p = 0.10) (Fig. 5A) . Serum levels of FABP, an early marker of myocardial injury, were 2.2-fold higher in the placebo group relative to the sulfide treated group (placebo 97.4 AE 39.3 pg/mL vs sulfide 43.9 AE 19.9 pg/mL, p = 0.01) (Fig. 5B) . Serum troponin I levels were not detectable in either group (detection threshold of 16 pg/mL) consistent with the early time point of serum harvest.
Apoptotic signaling
Expression of the anti-apoptotic Bcl-2 demonstrated no significant differences between groups (placebo 30.8 AE 9. . While total caspase-3 levels were similar between groups (placebo 46.4 AE 2.6 vs sulfide 44.9 AE 8.2 DU, p = 0.67), myocardial levels of cleaved caspase-3 were increased by 2.89-fold in placebo treated animals relative to the sulfide group (placebo 17.8 AE 12.2 vs sulfide 6.1 AE 3.3 DU, p = 0.04) (Fig. 6A and B) . Similar findings occurred for PARP, with total PARP levels similar between groups (placebo 33.1 AE 5.9 vs sulfide 33.7 AE 11.2 DU, p = 0.92), but cleaved PARP 1.72-fold higher in placebo treated animals (placebo 24.1 AE 7.3 vs sulfide 13.4 AE 8.7 DU, p = 0.04) (Fig. 6C and D) .
Poly ADP ribosylation staining
The degree of staining for poly-ADP ribosylated proteins was significantly greater in placebo treated animals, with sulfide treated animals exhibiting a mean PAR staining score of 4.3 AE 1.8 vs 7.0 AE 2.0 in the placebo treated groups ( p = 0.04) (Fig. 7A) .
TUNEL staining for apoptosis
Apoptotic cell counts were significantly higher in the placebo treated group as identified by TUNEL staining. The placebo groups demonstrated 6.6 AE 1.6% TUNEL + cells/hpf vs 3.2 AE 1.9% TUNEL + cells/hpf in the sulfide treated group ( p = 0.02) (Fig. 7B ).
Discussion
The current study demonstrates that parenteral therapeutic administration of sodium sulfide during the end of ischemia and throughout the reperfusion period, provides significant myocardial protection in response to acute I/R injury, limiting myocardial necrosis and infarct size and improving global systolic LV function, after I/R injury in a large animal model of myocardial infarction. The primary novel findings of this study demonstrate administration of exogenous sulfide reduces apoptosis in response to myocardial I/R injury, specifically decreasing levels of cleaved caspase-3 and PARP at 2 h after the onset of reperfusion.
Previous work in murine models has demonstrated that exogenous administration of sulfide can reduce myocardial infarct size in response to acute I/R injury [10] [11] [12] . This study, which utilizes a more clinically relevant porcine model found results consistent with these prior reports. Additionally, we evaluated clinically utilized serum biomarkers of myocardial injury; CK-MB, troponin I, and FABP. Our study found a trend towards reduction in CK-MB levels (not reaching significance), and a significant reduction in serum levels of FABP, whereas troponin I levels were not detectable. Our time point for serum collection (3 h after the onset of ischemia) likely failed to capture a rise in troponin I, which generally occurs several hours after this timepoint. While a trend towards differences in serum CK-MB was observed, the single timepoint collection also may have limited discerning the true differences in this marker of myocardial injury. Serum FABP, a protein released rapidly from cardiomyocytes in response to ischemic injury [16] and detectable as early as 90-120 min after injury [16] , was significantly lower in sulfide treated animals. This finding may add clinical relevance to the therapeutic benefits of sulfide administration as increased levels of FABP after acute coronary syndrome are prognostic for an increased risk of death, recurrent MI, and congestive heart failure in patients [17] .
While myocardial necrosis likely produces the greatest degree of injury after acute I/R injury, myocardial apoptosis in response to I/R injury continues to be a relatively unavoidable consequence during restoration of perfusion. While essential to maximize salvage of viable tissue, the resulting initiation of the apoptotic cascade may have important clinical consequences relating to stunning [2] and survival [3] . The apoptotic signaling cascade can be initiated by free radicals and TNFa [1, 18] , both of which are produced in myocardial I/R injury [13, 14] . H 2 S can act as both an effective anti-oxidant [6] , and limit the generation of TNFa [8] , and in this study has been shown to reduce expression of two key downstream effectors of cell death, cleaved caspase-3 and cleaved PARP, with a resulting decrease in the number of apoptotic cardiomyocytes.
Early in apoptotic signaling the anti-apoptotic Bcl-2, and pro-apoptotic Bad are in opposition. A shift in favor of the pro-apoptotic proteins subsequently results in increased mitochondrial pore permeability, releasing cytochrome C and AIF, which can activate caspase-3, and facilitate DNA fragmentation, respectively [1] . Upon cleavage of terminal caspases, such as caspase-3, cell death is generally thought to be inevitable. In this study we found no significant differences in early mediators of apoptotic signaling, such as Bcl-2, and Bad, but did observe significant reduction in expression of downstream effectors including caspase-3 and PARP. The absence of significant differences in expression of the phosphorylated forms of Bad may be due to tissue collection at a single time point, 3 h after the onset of ischemia, which may not capture transient changes in the activation status of these proteins. This time point was able to capture a significant reduction in the expression of cleaved caspase-3, a terminal effector of apoptosis that is responsible for intracellular degradation of structural proteins, regulatory proteins, and DNA repair enzymes. The reduction in I/R injury seen in our study is consistent with prior investigations which have demonstrated caspase inhibition reduces myocardial apoptosis and improves function in response to I/R injury [19] . Poly (ADP) ribose polymerase (PARP) is a nuclear enzyme activated by DNA damage that catalyzes the synthesis of poly (ADP) ribose (PAR) from nicotine adenine dinucleotide (NAD). Over-activation of PARP results in the depletion of NAD and subsequent ATP formation leading to cell death [20] . PARP inhibition has been shown to ameliorate myocardial damage in response to I/R injury [21] . The findings of this study indicate sulfide treated animals display reduced expression of the active form of PARP, cleaved PARP, and reduced poly ADP ribosylation of proteins, providing mechanistic insight into sulfide's ability to provide myocardial protection. Taken in sum, the ability of sulfide to limit production of key stimuli for initiation of apoptosis may allow for it to limit the generation of multiple pro-apoptotic signaling molecules which have previously been individual targets for myocardial protection agents.
Limitations
While providing functional and molecular data into the effects of sulfide therapy in myocardial I/R injury, this study has several limitations. Our time course for tissue harvest (3 h after the onset of ischemia) is not able to account for long-term effects of sulfide on myocardial function and infarct extension, and conversely may miss rapid changes in the activation/phosphorylation status of certain apoptotic signaling proteins such as Bad. Additionally, the use of TUNEL staining may not capture cells in the initial stages of the apoptotic process and thus may underestimate the total number of apoptotic cells.
Conclusions
Therapeutic administration of H 2 S, generated as sodium sulfide, prior to the onset of reperfusion markedly attenuates myocardial ischemia-reperfusion injury. In addition to sulfide's effects on limiting myocardial necrosis, this study demonstrates sulfide also effects pro-apoptotic signaling, limiting apoptosis. The anti-apoptotic properties of sulfide may provide myocardial protection in addition to sulfide's ability to limit myocardial necrosis. H 2 S may have a valuable therapeutic role in the clinical setting when administered concomitantly with the coronary revascularization process.
